Wafer-scale arrays of well-ordered Pb(Zr 0.2 Ti 0.8 )O 3 nanodiscs and nanorings were fabricated on the entire area (10 mm × 10 mm) of the SrRuO 3 bottom electrode on an SrTiO 3 single-crystal substrate using the laser interference lithography (LIL) process combined with pulsed laser deposition. The shape and size of the nanostructures were controlled by the amount of PZT deposited through the patterned holes and the temperature of the post-crystallization steps. X-ray diffraction and transmission electron microscopy confirmed that (001)-oriented PZT nanostructures were grown epitaxially on the SrRuO 3 (001) bottom electrode layer covering the (001)-oriented single-crystal substrate. The domain structures of PZT nano-islands were characterized by reciprocal space mapping using synchrotron x-ray radiation. Ferroelectric properties of each PZT nanostructure were characterized by scanning force microscopy in the piezoresponse mode.
Introduction
Fabrication of discrete features of ferroelectrics has been considered as an important issue because of the need for studies on ferroelectric size effects [1, 2] as well as for potential applications such as ultra-high density memory devices [3, 4] . Several theoretical studies have demonstrated that, when ferroelectric thin films undergo scaling down to the nanoregions in both thickness [5] and lateral dimensions [6] , they show new phenomena. Concerning the thicknessrelated size effect, promising experimental results on ultrathin films were reported considering ferroelectric structural observations through synchrotron x-ray diffraction (XRD) [7] and ferroelectric properties using scanning probe microscopy (SPM) techniques [8] .
In contrast, difficulties in the fabrication of laterally confined nanostructures have hindered the experimental verification of the theoretical predictions. Toroidal ordering of polarization was predicted to occur if one can realize nanodiscs and nanorings with a diameter of a few nanometers, resulting in a potential memory density of 60 terabits per square inch [6, 9] , which stimulated the fabrication of such nanostructures. Some experimental investigations on size effects in confined structures have been realized successfully by means of two approaches: topdown [10] [11] [12] and bottom-up [13] [14] [15] . In the top-down approaches, perfect ordering with a precisely controlled size of the ferroelectric nanostructures could be obtained while the fabrication processes require very long times and very high costs for the equipment, and are characterized by a low throughput. Moreover, top-down techniques such as focused ion beam (FIB) or e-beam direct writing (EBDW) are often associated with mechanical damage on the free surfaces of the ferroelectric nanostructures, which cause domain pinning [16, 17] . In the case of bottom-up approaches, there are critical limitations in controlling the size and order in the array of the nanostructures, although epitaxial nanostructures can be realized easily with lateral sizes of sub-50 nm. Recently, for the revitalization of the advantages of both top-down and bottom-up methods, several research groups have developed selective growth techniques by utilizing various masks [18, 19] and patterned seeds [20, 21] .
In this work, in order to realize wafer-scale arrays of epitaxially grown ferroelectric nanostructures on cubic substrates, laser interference lithography (LIL) was employed. LIL is a well-established technique in nanomagnet technology for prototype patterned media on large areas [22, 23] and has been used in various fields, for example, 2D patterned nanostructures of multifunctional materials [24, 25] and the fabrication of master patterns [26] due to its promising aspects of low cost, easy scalability and the generation of wafer-scale periodic structures with precise dimension control. Moreover, further modified LIL is still being developed in various ways such as using a new laser source with a shorter wavelength in the deep-UV (DUV) or synchrotron radiation [27] . Making use of the mentioned advantages of LIL, we could successfully fabricate wafer-scale arrays of well-ordered Pb(Zr 0.2 Ti 0.8 )O 3 (PZT) nanodiscs and nanorings epitaxially grown on (001)-oriented metallic SrRuO 3 (SRO) bottom electrodes on SrTiO 3 (STO) substrates. SRO and PZT were deposited by pulsed laser deposition (PLD). The epitaxial nature and the domain structures of the nanodiscs and nanorings were characterized by high-resolution synchrotron x-ray diffraction (XRD). Anisotropic ferroelectric properties of individual PZT nanostructures were characterized by scanning force microscopy in the piezoresponse mode. Transmission electron microscopy (TEM) and atomic force microscopy (AFM) line scans (not shown) were employed for crosssectional views of the nanostructures.
Experiment
The experimental procedures of sample preparation are illustrated in figure 1, which shows two steps at a glance: (i) the LIL process for the preparation of the patterned SiO 2 mask and (ii) the deposition process for the fabrication of nanodiscs and nanorings.
LIL process
First, an antireflection coating (ARC, XHRiC-11, Brewer Science, USA) layer with a thickness of 150 nm was spincoated at 2500 rpm and baked at 180
• C for 60 s. A SiO 2 mask layer with a thickness of 20 nm was deposited on the ARC layer by sputtering with 50 W of RF power and an Ar and O 2 gas mixture. The 180 nm thick negative photoresist (PR, TSMR-iN027, OHKA, Japan) was spin-coated at 600 rpm and pre-baked at 90
• C for 90 s. After rotating the sample by 90
• , a successive double exposure of two laser beams (HeCd, λ = 325 nm) generates periodic 2D patterns on the PR, and the PR was post-baked at 110
• C for 90 s after laser exposure. The lithographically formed patterns were transferred to the SiO 2 mask layer by reactive ion etching (RIE). CHF 2 gas was used to open the SiO 2 mask layer and the underlying ARC layer. The PR on top of the SiO 2 layer was removed by O 2 gas under operating conditions of 10 mTorr and 100 W in the RIE step.
Deposition of PZT by PLD
Deposition was performed by PLD at room temperature in all cases, with an oxygen pressure of 1 × 10 −6 Torr. A KrF excimer laser (wavelength 248 nm) was used with the energy range from 400 to 600 mJ and the repetition rate from 5 to 10 Hz. The ARC layer was removed by an RCA-1 (H 2 O:NH 4 OH:H 2 O 2 = 5:1:1) cleaning solution at 70
• C for 1 h in a lift-off step after PLD deposition. After liftoff, a post-annealing process for the crystallization of the amorphous PZT nanostructures is necessary due to the room temperature deposition. The post-annealing was carried out at 650-700
• C for 1 h in PbO atmosphere for the compensation of volatile lead. The amount of PZT deposited into the patterned holes and the crystallization temperature determine the shape and size of the final PZT structures. For instance, both extended deposition and short deposition followed by low temperature crystallization (650 • C) enabled us to obtain disc-shaped structures, whereas short deposition followed by high temperature crystallization (700
• C) generated ringshaped structures. The extended or short depositions depend on the operating conditions of PLD such as laser power, repetition rate, deposition time, etc.
Characterization

High-resolution synchrotron XRD.
The epitaxial nature and the domain structures of the PZT nanostructures were characterized by high-resolution synchrotron XRD installed on the Huber four-circle diffractometer of the 3C2 x-ray scattering beamline at the Pohang Light Source (PLS, Korea). A scintillation detector was used to record the diffracted beam intensities. Reciprocal space mapping was carried out by performing two-dimensional HKL mesh scans in reciprocal space in the vicinity of PZT (002) reflections. Figure 2 shows representative scanning electron microscopy (SEM) images of a 250 nm sized patterned SiO 2 mask covering the entire substrate with square symmetry ( figure 2(a) ), and PZT nanodisc arrays with a nanodisc diameter of 250 nm ( figure 2(b) ) fabricated by extended deposition and high temperature annealing. It was found that the thickness of the nanodiscs is ∼30 nm measured by a line profile recorded by atomic force microscopy (AFM) (not shown here).
Piezoresponse force microscopy (PFM)
.
Results and discussion
Cross-section transmission electron microscopy (TEM) and plan-view AFM images in figure 3 give indications on the effect of the crystallization temperature on the final shapes of the nanostructures. After extended deposition and low temperature crystallization annealing, pizza-like structures were generated (figures 3(a) and (b)), which have a noncrystallized phase in the center parts, and crystallized edge parts (see dotted line in figure 3 (a) and arrows in figure 3(b) ). Fully crystallized PZT nanodiscs were successfully fabricated by high temperature annealing (figures 3(c) and (d)). Short deposition with a low temperature annealing also created perfectly crystallized 10 nm thick nanodiscs (not shown here). These results indicate that the crystallization to the ferroelectric phase nucleates at the edge regions near the free surfaces as well as the interfaces of the nanodiscs and propagates gradually to the central part. It was clearly found by line profile AFM that the height of the amorphous regions is slightly larger than that of the crystallized regions due to the densification of PZT during crystallization. The densification of the amorphous PZT with crystallization proceeds by a migration of some amorphous phase material to the crystallized ferroelectric during post-annealing, promoted by high thermal energy.
By utilizing the above feature of this amorphouscrystalline phase transition, we were able to obtain PZT nanorings, as shown in figure 4 . Short deposition generated 250 nm sized amorphous PZT nanodiscs after lift-off ( figure 4(a) ). By high temperature annealing (700
• C), the PZT nanodiscs were transformed into ring-shaped structures as shown in figure 4(b) , while PZT nanodiscs were formed at a 650
• C crystallization temperature ( figure 4(c) ). It is assumed that the mass transfer of amorphous PZT can occur when enough thermal energy for crystallization is provided to the thin nanodiscs. Line profiles of AFM images confirmed that the ring-like PZT structures have a thickness of less than 10 nm and the disc-shaped PZT showed a thickness of about 12 nm. Previous work on e-beam direct writing (EBDW) showed 50% volume shrinkage due to the densification of PZT nanocells [28] . In the present work, amorphous PZT nanodiscs are transformed into the epitaxial ferroelectric phase by post-annealing with an accompanying decrease in thickness and the migration of material to the densified region where crystallization occurs.
The crystal structure of both PZT nanodiscs and nanorings was characterized by high-resolution synchrotron XRD with • C and (c) ferroelectric nanodiscs after the crystallization at 650
• C for 1 h.
θ -2θ scan ( figure 5(a) ) along the substrate normal and with inplane 360
• -ϕ scans ( figure 5(b) ) of PZT (101). As shown in figure 5(a) , the nanostructures are highly (001)-oriented (or caxis-oriented) along the normal to the substrate plane without any non-ferroelectric phases. In-plane scans show only four peaks with 90
• periodic separations, which is representative for the cube-on-cube epitaxial relationship of PZT(001) STO(001). In the case of nanorings, very small intensities corresponding to (101) PZT and some pyrochlore phase peaks were observed (not shown here). Finally, the ferroelectric properties of the PZT nanostructures were investigated by piezoresponse force microscopy (PFM) (figures 6(a) to (c)) and recording local piezoelectric hysteresis loops (figures 6(d) to (f)). The ferroelectric 180
• domains, i.e. polarization pointing in opposite directions, are shown in the PFM images as white and black colors. Piezoelectric signals from ferroelectric 180
• domains were detected in the whole region of a nanodisc, which means that the nanodisc does not contain any damaged layers on the surface or at the bottom region of the nanodisc which is usually present in patterned ferroelectric structures prepared by a top-down method, for example focused ion-beam (FIB), or e-beam direct writing (EBDW) [4, 17] . In the case of the pizza-like-shaped structures ( figure 6(b) ), only the edge part showed a ferroelectric phase image because only the edge part was fully crystallized into a ferroelectric. The ferroelectric nanorings, however, had only partially shown a piezoresponse as revealed in figure 6(c) . Nevertheless, well-developed square-like hysteresis curves with d 33 of about 45 pm V −1 and good switching behavior were measured in all cases of PZT nanostructures. This is a clear indication of a good quality of the ferroelectric nanostructures although the value of the piezoresponse of the nanostructures is somewhat lower than that of bulk ferroelectrics.
Conclusions
In summary, we fabricated wafer-scale arrays of well-ordered epitaxial ferroelectric nanostructures by an LIL process. LIL is a useful technique for the fabrication of large-area patterned structures with easy size control, low cost and not time consuming. The nanostructures were transformed to nanodiscs or nanorings by varying the deposition conditions and the crystallization temperature. High thermal energy promotes the migration of material during the crystallization of the amorphous phase accompanying a densification. The densification occurs predominantly at the edge region and the interface between the nanostructures and the bottom layers. These disc-and ring-shaped structures are interesting in view of theoretical predictions for ultra-high density memory devices, although the sizes of nanostructures are rather large. In this work, the density of PZT nanodiscs and nanorings was about 6 Gb in −2 . If one can realize 75 nm sized ferroelectric nanostructures using another laser source with shorter wavelengths, for example, argon ion laser with a wavelength of 250 nm or deep-UV, then the density would be several tens of Gb in −2 or even approaching Tb in −2 . The ferroelectric phase and its properties were characterized by high-resolution synchrotron XRD and PFM techniques. Ferroelectricity was well retained in all nanostructures.
